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ddH2O – ultrapure, sterile water
dH2O – distilled water
diH2O – deionized water
EDTA – ethylenediaminetetraacetic acid
FL2-A – fluorescence intensity of area
FL2-H – fluorescence intensity of height
FSC-A – forward scatter
gDNA – genomic DNA
GIGA – Global Invertebrate Genomics Alliance
mtDNA – mitochondrial DNA
NCBI – National Center for Biotechnology Information

NGS – next-generation sequencing
NSU – Nova Southeastern University
PI – propidium iodide
SSC-A – side scatter
Species Descriptions and Relevance
Species were identified by visual inspection and field guide reference or personal
confirmation with collaborators providing samples. Some species have few external
characteristics distinguishing them from closely related species. DNA barcoding of the
mitochondrial cytochrome c oxidase 1 (CO1) gene was employed to maximize
identification accuracy (see Appendix II).

Annelida
Eurythoe complanata (Polychaeta, Amphinomidae)
This widespread marine fireworm is a shallow-water annelid belonging to a larger
species complex comprising three closely-related species (Barroso et al. 2010; Arias et
al. 2013). The biological compound complanine, which gives amphinomids their
diagnostic sting, and its derivatives, have been a focus of biomedical research into their
function in signal transduction pathways (Mayer et al. 2013). The regeneration of body
segments, characteristic of the phylum Annelida, also makes E. complanata a focal
research organism (GIGA COS 2014; Schulze et al. 2017). Investigation into the genes
responsible for the production of complanine and its metabolism, in addition to the
regeneration genes present throughout the annelids, should prioritize these organisms for
genomic and transcriptomic analysis.
The AGSD includes only one other amphinomid polychaete, Linopherus
ambigua. Its 4.99 pg C-value estimate is about twice that of L. ambigua and lies near the
large end of all polychaetes in the database. This estimate eliminates E. complanata as
an appropriate species for current sequencing technology, although the rapid progression
of sequencing advancements may make it eligible in the near future.
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Hermodice carunculata (Polychaeta, Amphinomidae)
Marine fireworms are ecologically important grazers on benthic macrofauna, such
as corals, anemones, and gorgonians (Lizama and Blanquet 1975; Witman 1988; Arias et
al. 2013; Schulze et al. 2017). This fireworm species is a vector host of Vibrio shiloi, a
bacterial pathogen responsible for bleaching in a Mediterranean coral (Sussman et al.
2003; Arias et al. 2013). Its broad distribution, ability to regenerate, and tolerance of
extreme environmental stressors make it a good transcriptomic study organism (Schulze
et al. 2017). However, minimal genomic data exists on H. carunculata (Mehr et al.
2015), despite its ecological importance
The estimate obtained here for H. carunculata is 4.08 pg, a large C-value among
annelids. This large genome size makes it a poor candidate for whole genome
sequencing, as sequencing time and annotation effort will be extensive. Though H.
carunculata’s eligibility for nuclear genome sequencing is unlikely in the near future, it
remains a valuable study organism for transcriptome and RNA expression analysis, in
addition to research involving fireworm toxins and their potential biomedical
applications. This genome size estimate, along with E. complanata, sheds more light on
the evolution of genome sizes within Annelida, particularly in the diversification of
amphinomid polychaetes.

Lumbriculus variegatus (Clitellata, Lumbriculidae)
This freshwater annelid was initially considered as a standard, but its genome size
was too large. Though not a marine invertebrate, the lack of genome size data on this
species and its popularity as a model laboratory organism for studying regeneration made
it necessary to report this estimate (Tweeten and Anderson 2008).
Tweeten and Morris (2016) estimated its genome size as 1.58 pg, which is almost
four times smaller than the 6.11 pg reported here. Ploidy levels in annelids, particularly
clitellates, vary substantially. It is thus likely that the specimens used in this project were
from a largely tetraploid population, a common occurrence (Pavlicek et al. 2016).
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Lumbricus terrestris (Clitellata, Lumbricidae)
This invasive oligochaete annelid endemic to Europe is a popular laboratory
organism for biology classrooms and is usually referred to as the common earthworm
(James et al. 2010). L. terrestris was obtained with the intent for use as a standard, but
was replaced with prepared chicken erythrocyte nuclei soon afterwards. Nevertheless, a
genome size estimate was made and is worthwhile to report. These specimens were
confirmed to be L. terrestris by a collaborator at Yale University and collected in a forest
in northeastern Connecticut.
This C-value estimated here, 2.15 pg, is nearly four times the 0.6 pg reported by
Gregory and Hebert (2002), suggesting that genome size may vary significantly within L.
terrestris. Pavlicek et al. (2016) documented variation in ploidy levels (number of
chromosome sets) in L. terrestris with diploid chromosome numbers ranging from 30 to
38. Because aneuploidy (abnormal chromosome number) is a common occurrence in
oligochaetes, particularly in family Lumbricidae (Vsevolodova-Perel and Bulatova 2008),
intraspecific genome size variation could be the result of a large number of
subpopulations. Offspring from parthenogenetic lumbricids are almost always polyploid
(Vsevolodova-Perel and Bulatova 2008), suggesting that inflated genome sizes are not
rare in these organisms. This estimate still indicates a suitably sized genome for
sequencing.

Figure 24. Live Lumbricus terrestris before preservation in DMSO storage buffer and
RNAlater.
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Sipunculus nudus (Polychaeta, Sipunculidae)
The Sipuncula, or peanut worms, a unique group of cosmopolitan unsegmented
marine worms that exhibit a special larval development stage, were long considered a
separate spiralian phylum (Boyle and Rice 2014; Lemer et al. 2015). However, they
have recently been submerged among polychaeta within Annelida (Boore and Staton
2002; Shen et al. 2009; Kristof et al. 2011). Their importance for resolving their position
within Annelida and their use in analyses of comparative development using
transcriptomic tools is well-documented (Boyle and Seaver 2010; Kristof et al. 2011;
Riesgo et al. 2012; Lemer et al. 2015).
A single sipunculan estimate exists in the AGSD: 1.28 pg for Themiste
lageniformis. The 2.29 pg C-value estimate made here is much larger, though that
estimate was obtained by Feulgen analysis. A brief analysis of the range in annelid
genome sizes estimated by flow cytometry places this estimate in the middle. S. nudus is
an acceptable candidate for genome sequencing based on this estimate.

Themiste lageniformis (Polychaeta, Themistidae)
As with S. nudus, this sipunculan represents an important specimen in
understanding spiralian evolution, the loss of segmentation within annelids, and its
location on the tree of life (Kristof et al. 2011; Boyle and Rice 2014). Recent evidence
has submerged Sipuncula within Annelida, reflecting a loss of the segmentation
characteristic of other annelids (Boore and Staton 2002; Shen et al. 2009; Kristof et al.
2011).
This genome size estimate for T. lageniformis is 2.14 pg. The previous estimate
was made with Feulgen image analysis densitometry, potentially causing some variation
between methods because the same standard was used for both estimations. Both
estimates suggest that T. lageniformis is a good candidate for whole genome sequencing.
The importance of spiralian evolution and the unique characteristics of sipunculans
should rank T. lageniformis highly for future invertebrate sequencing projects.
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Arthropoda
Sergia splendens (Malacostraca, Sergestidae)
A common member of the bathypelagic micronekton, S. splendens is a globally
distributed species linking low and high trophic levels (Jeffery 2012). By transferring
biomass from phytoplankton to higher-level fish and crustaceans, S. splendens plays an
important role in the trophic ecology of pelagic food webs (Hopkins et al. 1994; Judkins
2014). These midwater decapods indirectly support some marine fisheries by serving as
a food source for targeted fish species (Vereshchaka et al. 2014). Despite their pelagic
abundance (Burghart et al. 2007; Judkins 2014) and participation in a large daily vertical
migration through the water column (Burghart et al. 2007; van Haren and Compton
2013), S. splendens is taxonomically and phylogenetically poorly understood
(Vereshchaka et al. 2014; Vereshchaka 2017).
This is the first genome size estimate for S. splendens, the one arthropod in this
sample set. The estimate of 4.81 pg is fairly large relative to the other species analyzed,
but is dwarfed by many of the other pelagic decapod genomes listed in the AGSD. Based
on this estimate, S. splendens is not a good current candidate for whole genome
sequencing.

Figure 25. Sergia splendens preserved in RNAlater before homogenization.

Chordata
Danio rerio (Teleostei, Cyprinidae)
The zebrafish is a model organism in evolutionary-developmental studies and a
common standard used in nuclear genome size estimations (Howe et al. 2013). D. rerio
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was originally intended for use as an intermediate-size standard in this study, but
alternative prepared standards were used to avoid any possible inconsistencies in
replicates. The inclusion of D. rerio in this sample set served as a positive control and an
attempt to resolve a slight discrepancy in previous FCM estimations in the AGSD
(Ciudad et al. 2002; Animal Genome Size Database 2017). D. rerio is a sequenced
vertebrate, increasing its reliability as a positive control (Hedgehock et al. 2005; Howe et
al. 2013). Though they are not invertebrates, zebrafish are important models for
translational research and are useful in comparative analyses with the human genome
(Barbazuk et al. 2000).
This genome size estimate served as an unanticipated positive control for protocol
accuracy. The C-value estimate made here, 2.13 pg, lies within the range of published
estimates in the database. The estimate closest to this value was also obtained by flow
cytometry and was also the only other estimate using G. domesticus (1C = 1.25 pg) as a
standard (Lamatsch et al. 2000).

Echinodermata
Cenometra bella (Crinoidea, Colobometridae)
The crinoids are the basalmost extant echinoderms (Cohen et al. 2004). This
placement on the phylogenetic tree makes crinoids a focal group for studying the radical
evolutionary transition from invertebrate to vertebrate diversity (Kondo and Akasaka
2012). Current crinoid phylogenetic research is focused on integrating genomic analysis
with morphological evidence, which incorporates their extensive fossil record into
analyses (Cohen et al. 2004; Pawson 2007; Roux et al. 2013). Crinoids’ tissue
regenerative abilities, along with those of other echinoderms, enhances interest in these
organisms for investigating the genomic basis of this biological peculiarity (Lawrence
and Vasquez 1996). Because crinoids and humans are similar in their deuterostome
development and close phylogenetic placement (Satoh et al. 2003; Kondo and Akasaka
2012), the genes responsible for regeneration may be homologous to similar genes within
the human genome.
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Crinoid genomes are poorly represented in the AGSD, as are molecular analyses
in general. To date, the database lists no crinoid genome size estimates, although it
includes representatives of the four other echinoderm classes. This estimate for C. bella,
as well as H. robustipinna (see below), are the first genome size estimates made for these
species and the first crinoid genome size estimates. The C. bella genome size (0.75 pg)
agrees closely with those from the other echinoderm C-values listed in the database; most
are <1 pg. This relatively small genome size (~ 750 Mb) could make C. bella a good
candidate for whole genome sequencing and could help encourage future genomic
analysis of echinoderm diversity and early deuterostome evolution.

Himerometra robustipinna (Crinoidea, Himerometridae)
Himerometra robustipinna is among the most common species of Pacific reefdwelling crinoids (Taylor et al. 2017) and is capable of rapid regeneration (Lawrence and
Vasquez 1996; Cohen et al. 2004; Mekhova and Britayev 2012). H. robustipinna is
listed as a priority species for whole genome sequencing by GIGA COS (2017) for its
research implications. Despite their status as basal echinoderms and their deuterostome
connection to vertebrates, genome size data for this group is limited (Cohen et al. 2004;
Pawson 2007; Rouse et al. 2013).
The C-value of 0.48 pg makes H. robustipinna a good candidate for genome
sequencing projects. Whole genome analysis, in addition to transcriptomic studies of
gene expression involved in regeneration and feeding will help elucidate the underlying
genomic pathways that result in their ability to regenerate lost structures. Such studies
will reveal if these genes are homologous with those in other organisms capable of
regeneration (e.g., crustaceans, cnidarians, cephalopods) or if they evolved independently
in multiple phyla. Additional genomic analysis will add to understanding of crinoid
phylogeny.

Tripneustes gratilla (Echinoidea, Toxopneustidae)
This Indo-Pacific sea urchin is an ecologically valuable seagrass grazer, and it is
harvested for its eggs, a sushi delicacy (Brennand et al. 2010). Along with other
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calcareous organisms, sea urchins face an uncertain future as anthropogenic carbon
emissions raise temperatures and fuel ocean acidification (Rahman et al. 2009). Stumpp
et al. (2012) showed that sea urchin larvae modified their internal pH in response to
decreasing environmental pH. Similar studies on the biological responses of other
echinoids to forecasted environmental fluctuations would help predict how urchins may
respond to such changes and how their population dynamics may alter algal and seagrass
densities. Genes controlling the pathways that help organisms, such as sea urchins,
respond to increased environmental stress should be a focus of interest for marine
genomic research in the near future. Echinoids and other calcifying species would
greatly benefit from more transcriptome sequencing to better understand the extent to
which they can cope with predicted temperature increases and pH declines of the world’s
oceans.
The C-value estimate of 1.27 pg places T. gratilla within the range of echinoid Cvalues listed in the AGSD but as the second largest among echinoids in the database. Its
only other congener, T. esculentus, has a genome size of 1.10 pg. The modestly sized
genome of T. gratilla makes it a good whole genome sequencing candidate, although a
majority of the other sea urchins have smaller genomes and the cost and time associated
with sequencing would reflect this.

Figure 26. Live Tripneustes gratilla before sperm extraction with KCl.

9

Mollusca
Acanthopleura granulata (Polyplacophora, Chitonidae)
These chitons are ecologically important algal grazers along rocky tropical coasts
(Brooker and Shaw 2012). Their ability to rasp algae with a biomineralized radula also
enables them to restructure hard substrate through continuous breakdown of rock
(Brooker and Macey 2001). A. granulata acts as a biological form of disturbance,
removing existing organisms and providing new habitat for settling biota (Lowenstam
1962; Rasmussen and Frankenberg 1990). Additionally, chitons, like members of several
other groups of mollusks, that are capable of homing during nocturnal algal foraging and
returning to the same location repeatedly (Mook 1983).
Hinegardner’s (1974) estimate of 0.84 pg is somewhat close to the C-value
estimate of 0.76 pg made here. The estimate obtained here served as an attempt to try
and corroborate the Hinegardner estimate, which was made 43 years ago with an outdated
methodology, with a more accurate determination of genome size. Nonetheless, both
estimates show that A. granulata has a relatively small genome, even relative to the
remaining chitons in the AGSD, and is eligible for current sequencing technology.

Anadara transversa (Bivalvia, Arcidae)
This bivalve was once an exclusively Indo-Pacific species, but Lodola et al.
(2011) have documented its invasion of the Mediterranean, Adriatic, and Aegean Sea,
where it soon spread to Sardinia. Its westward progression is concerning, but the
ecological impacts of its invasion have yet to be studied in detail. Like most other
bivalves, A. transversa is a suspension-feeder and transfers suspended nutrients to
benthic sediment by depositing fecal pellets, which removes nutrients from access by
phytoplankton and developing pelagic larvae (Cinar et al. 2014).
The estimate represents the first for A. transversa and the second for the genus.
The 0.87 pg estimate obtained here is much smaller than the 1.45 pg C-value of A.
broughtoni, as quantified by Anisimova (2007) with Feulgen image analysis
densitometry. Large genome size variation within a genus has been reported in other
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groups, such as bivalves (Bonnivard et al. 2009), sunflowers (Duskova et al. 2010), and
copepods (McLaren et al. 1989) This estimate makes the genome size of A. transversa
the smallest of the three species within the order Arcida in the AGSD and makes A.
transversa an eligible candidate for whole genome sequencing.

Chaetopleura apiculata (Polyplacophora, Ischnochitonidae)
Chitons are important focal organisms for developmental biology due to their
placement within the protostome Spiralia, the highly conserved pattern of early
development associated with other spiralian phyla (Henry et al. 2004; Buckland-Nicks
2008), and biomineralization of radular teeth (Weaver et al. 2010; Brooker and Shaw
2012). Both the evolution of spiralian developmental characteristics and the genes
controlling the process of biomineralization make chitons important study organisms in
genomics.
Hinegardner (1974) estimated the haploid genome size of C. apiculata to be 1.70
pg, compared to the C-value estimate obtained here, 1.39 pg. The genome size estimate
made here makes C. apiculata a good candidate for whole genome sequencing, with
implications for fertilization biology research and polyplacophoran evolution (BucklandNicks 2008).

Figure 27. Live Chaetopleura apiculata before preservation in DMSO storage buffer.
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Chiton tuberculatus (Polyplacophora, Chitonidae)
Chitons have been of research interest since their radula were found to incorporate
extremely strong materials, such as magnetite (Lowenstam 1962; Kirschvink and
Lowenstam 1979; Weaver et al. 2010; Brooker and Shaw 2012). They have since been
suggested as models for the production and engineering of new tools (van der Wal et al.
1999). Polyplacophoran classification has largely been based on their physiological
characters and extensive fossil record (Sirenko 2006). Genomic analysis of chitons can
help distinguish visually similar species, which may lead either to a re-evaluation or
strengthening of current chiton phylogeny. In either case, more data on chiton genomics
will be useful.
Of the nine chiton genome sizes in the AGSD, C. tuberculatus has the smallest,
0.63 pg (Mirsky and Ris 1951). The C-value estimate made here, 1.53 pg, is
considerably larger than the previous estimate and makes it the fifth largest chiton
genome size. The methods for estimation vary greatly, with Mirsky and Ris (1951)
quantifying the given amount of DNA in a sample, then dividing by the total number of
cells. Flow cytometry quantifies DNA within each nucleus individually, instead of
obtaining the average DNA within a cell. This case brings up the question of correct
identification of a species, required for comparing the same species across studies,
resolved today with DNA barcoding. It is assumed that the previous estimate was made
with a correctly identified C. tuberculatus, and the classification characteristics have
since remained the same. Based solely on the estimate made here, C. tuberculatus
remains a suitable species for whole genome sequencing.

Cyphoma gibbosum (Gastropoda, Ovulidae)
The flamingo tongue snail is a marine gastropod that is an obligate gorgonian
predator (Gerhart 1986; Vrolijk and Targett 1992; Whalen et al. 2010). C. gibbosum is
an ecologically important mollusk that exerts top-down predatory pressure on gorgonian
biomass in reef habitats. Recent ecological studies have shown trophic cascade effects
when C. gibbosum populations have been experimentally manipulated (Burkepile and
Hay 2007). C. gibbosum also serves as a candidate for studying allelopathy (biochemical
influence on other organisms) and the tolerance these predatory snails have for the
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biochemical compounds secreted by gorgonians, which deter most other benthic grazers
(Vrolijk and Targett 1992; Whalen et al. 2010). The coevolution of this interaction is
another example of the classical arms-race analogy used to describe other predator-prey
relationships (Whalen et al. 2010). Further analysis of the genomic mechanisms
underlying this back-and-forth evolutionary battle may provide some useful information
about other predatory interactions or host-pathogen evolution.
No C-value estimates exist for C. gibbosum, but Smith et al. (2011) included this
species in the most extensive evolutionary analysis of molluscan phylogeny completed to
date. The 2.30 pg estimate lies within the range of gastropod genome sizes in the
database. C. gibbosum’s genome size makes it a good candidate for current genome
sequencing methods.

Figure 28. Live Cyphoma gibbosum before preservation in 95% EtOH, DMSO storage
buffer, and RNAlater.

Lunarca ovalis (Bivalvia, Arcidae)
This bivalve (formerly Anadara ovalis), the blood ark, has been proposed as an
eligible species for aquaculture in the United States. Power and Walker (2001) showed
that their growth rates were comparable to other commercially harvested bivalves and
survivability was not correlated with stocking density. Sturmer et al. (2011) also
concluded that blood arks are viable additions to or alternatives for the traditional
aquacultured clam, the venerid Mercenaria mercenaria. If L. ovalis aquaculture becomes
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more widespread, genomic research would be an invaluable tool for assessing genetic
diversity on farms, in addition to the genes involved in growth and transcriptional
responses to varying environmental conditions that may be applied to maximize yield.
Anadara broughtoni (1C = 1.45 pg) is the only other congener in the AGSD. The
0.71 pg estimate made here is about half that of A. broughtoni and places L. ovalis on the
small end of the bivalve genome sizes listed in the database. The recent sequencing of
Pinctada fucata and Crassostrea gigas should provide a stimulus for more bivalve
genome sequencing efforts, including that of the relatively small genome of L. ovalis
(Takeuchi et al. 2012; 2016; Murgarella et al. 2016).

Figure 29. Dissected Lunarca ovalis before preservation in DMSO storage buffer.

Neomenia megatrapezata (Solenogastres, Neomeniidae)
Aplacophorans are an important group that provide insight into molluscan
evolution and the development of diagnostic molluscan characteristics (e.g., single and
double shells, intelligence, and chromatophores) (Vinther et al. 2012). These shell-less
organisms, now classified as Solenogastres within Aplacophora, are the most basal extant
mollusks (Jones and Baxter 1987; Salvini-Plawen and Paar-Gausch 2004; Todt et al.
2008; GIGA COS 2014; Redl et al. 2014; Kocot et al. 2016). Salvini-Plawen and PaarGausch (2004) described the species only relatively recently. Aplacophoran genomes
remain understudied to date (Kocot et al. 2017).
This estimate for N. megatrapezata agrees closely with those of the other six
solenogastre estimates in the AGSD. The one other congener, N. permagna, has a
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slightly smaller C-value of 0.3 pg, obtained by Feulgen analysis. The estimate made here
makes N. megatrapezata a good candidate for current whole-genome sequencing
methods and the resulting data should add to understanding solenogastre phylogeny.

Oliva sayana (Gastropoda, Olividae)
This shallow-water gastropod, the lettered olive snail, is an ecologically important
predator. Mostly found on sand flats, O. sayana preys on mollusks and crustaceans and
occasionally feeds on carrion via a highly-sensitive olfactory system (Olsson and Crovo
1968). This snail exerts top-down pressure on benthic infauna and its scavenging
facilitates the recycling of decaying organic matter (Olsson and Crovo 1968; RochaBarreira 2002). Additional research into the evolution and genomic pathways used by
this species may help reveal how these mobile gastropods became both scavengers and
efficient predators.
This is the first genome size estimate for O. sayana and it lies within the range of
gastropod C-values in the AGSD. The 3.43 pg C-value lines up with the mesogastropods
and the higher end of the neogastropods. Although its genome size is close to the
maximum capacity of current genome sequencing technology and cost-effectiveness, the
usefulness of the species in embryological and reproductive studies should rank it as
important for sequencing.

Recommendations for Tissue Preservation and Homogenization
Results of this study show that both DMSO storage buffer and RNAlater are
adequate preservatives for marine invertebrate genome size estimations, and support
Nagy’s (2010) conclusions about the efficacy of DMSO storage buffers saturated with
NaCl. These relatively inexpensive solutions reduce the need for freezing, freeing space
for samples requiring extreme cold storage. The viability of nuclei from tissues
preserved by these methods at 4°C, in addition to the suitable preservation of DNA and
RNA (Gorokhova 2005), make this protocol a multipurpose alternative to splitting
samples among a variety of preservatives. By reducing the division of tissue between
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various preservatives, more tissue is available for specific downstream molecular biology
applications.
A Dounce tissue homogenizer was used to produce the initial nuclear suspensions
in this project. This method proved to be generally unsuccessful, as indicated by the
excessive shearing of nuclei and the abundance of small debris in the resulting
suspensions. The size of this homogenizer, with its small clearance distance between the
mortar and pestle components, which disrupted nuclear membranes during grinding may
have been inappropriate. The frosted texture of the homogenizer may have also been too
harsh for the nuclei in the first tissues processed. Using a homogenizer with a larger
clearance and smooth texture may solve this problem and produce better quality nuclear
suspensions in the future.
Chopping tissues saturated in Galbraith buffer on ice proved to be the most
successful method for producing homogenates with a large number of nuclei suitable for
FCM analysis. Scalpel blades were sufficient to finely chop tissues into slurries, but
other samples may need to be chopped finer than a scalpel blade will allow. A combined
protocol including chopping and a subsequent step of gently crushing minced
homogenate in a microcentrifuge tube with a polypropylene pestle may help to produce
adequate suspensions for such tissues.
Analyses of time-series saturation of tissue homogenates with Galbraith buffer
may yield better nuclear suspensions if short-term (<10-15 min) saturation is determined
to be unsatisfactory or if tissues were suboptimally preserved. Production of
homogenates could be followed by a prolonged incubation period in Galbraith buffer
with intermittent sample disruption to maximize tissue saturation and resulting nuclear
yield. This may be a viable solution if tissues cannot be finely chopped with a razor or
scalpel blades and tissue surface area:volume ratios are low.
All samples were stained with PI at a prepared concentration of 1.0 mg mL-1.
Final PI concentrations in stained samples were 38.5 µg mL-1. Other studies estimating
genome sizes using flow cytometry suggest final concentrations of 50 µg mL-1 (Hare and
Johnston 2011; Gregory et al. 2013), though some have successfully used half this
concentration (Hegaret et al. 2003; Jeffery 2012; Ellis et al. 2014; Mulligan et al. 2014).
This study documented that sufficient PI saturation of marine invertebrate nuclear
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suspensions can be made with less than the suggested PI concentration in other surveys.
In cases when PI is in short supply, or for running a small number of samples that do not
justify purchasing more PI, lower concentrations may be used. However, processing
samples at final concentrations less than 50 µg mL-1 is not necessary if PI is plentiful, as
it is relatively inexpensive.

Using Genome Sequences for Genome Size Estimations
With the increase in genome sequence data as a result of NGS technology,
comparisons of genome sizes between estimation methods (e.g., flow cytometry, Feulgen
image analysis densitometry) and whole genome sequences have been proposed.
Genome sequences have proven to be poor measurements of genome size because they
are rarely ever fully completed, only reaching an asymptotic limit, especially for large
genomes (Gregory 2005c; Elliott and Gregory 2015). For this reason, genome size data
from sequences are usually smaller than with traditional methods. Because cytological
methods do not rely on assembly of genomic segments and the associated errors, flow
cytometry and Feulgen image analysis densitometry remain the best options for
estimating genome sizes.
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APPENDICES

I. Species Data
Figure A1-19. The following data for the 19 genome size estimates obtained in this study
follow the format listed below.
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Top. Unstained (left) and stained (right) plots of FL2-H vs. FL2-A showing the nuclear
population that has taken up PI.

Bottom. Histogram of stained nuclei showing the larger G1 and smaller G2 peak.

Table A1. Mean G1 and G2 fluorescence intensities and G2/G1 ratios.
A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
A11
A12
A13
A14
A15
A16
A17
A18
A19

Species
A. granulata
A. transversa
C. bella
C. apiculata
C. tuberculatus
C. gibbosum
D. rerio
E. complanata
H. carunculata
H. robustipinna
L. variegatus
L. terrestris
L. ovalis
O. sayana
N. megatrapezata
S. splendens
S. nudus
T. lageniformis
T. gratilla

Mean G1
237702
272099
59380
435000
243748
367007
339689
795000
649000
75708
486515
341551
221251
546000
55343
714000
715000
667000
101248
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Mean G2
475000
547000
115454
860000
498000
731000
690000
1640000
1320000
151968
975125
676000
463000
1120000
n/a
1400000
1470000
1300000
203955

G2/G1 Ratio
1.9983
2.0103
1.9443
1.9770
2.0431
1.9918
2.0313
2.0629
2.0339
2.0073
1.9936
1.9792
2.0926
2.0513
n/a
1.9608
2.0559
1.9520
2.0144

A1. Acanthopleura granulata
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A2. Anadara transversa
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A3. Cenometra bella

22

A4. Chaetopleura apiculata

23

A5. Chiton tuberculatus

24

A6. Cyphoma gibbosum

25

A7. Danio rerio

26

A8. Eurythoe complanata

27

A9. Hermodice carunculata

28

A10. Himerometra robustipinna

An unstained FL2-H vs. FL2-A plot is not available for H. robustipinna, but the
histogram still reflects the stained nuclear population.
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A11. Lumbriculus variegatus

30

A12. Lumbricus terrestris

31

A13. Lunarca ovalis

32

A14. Neomenia megatrapezata

The histogram of N. megatrapezata only shows the larger G1 peak. No gating
adjustments revealed a second G2 peak.
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A15. Oliva sayana

34

A16. Sergia splendens

35

A17. Sipunculus nudus
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A18. Themiste lageniformis

37

A19. Tripneustes gratilla

38

II. DNA Barcoding
Extracted gDNA was amplified and sequenced with universal invertebrate
cytochrome c oxidase subunit I (CO1) primers LCOI-1490 and HCOI-2198 for eight
species (Table A2) as described by Folmer et al. (1994). Sequencing was completed by
GENEWIZ using Sanger methods and forward and reverse strand sequences were
obtained and sequenced de novo using high sensitivity with Geneious software. The
percentages of untrimmed bases in a sequence that were high quality (HQ%) are listed in
Table A2 for samples that were successfully amplified and sequenced. Consensus
sequences for each sample are listed below in FASTA format. These sequences were
analyzed with Basic Local Alignment Search Tool (BLAST) for alignment with existing
CO1 sequences in GenBank and used for species confirmation.

Table A2. COI barcode data for eight species that successfully amplified and sequenced.
HQ% indicates the percentage of high quality untrimmed bases in a sequence.
Sample Number
KSR01
KSR02
KSR03
KSR05
KSR07
KSR08
KSR10
KSR11

Species
A. granulata
A. transversa
C. apiculata
D. rerio
L. variegatus
L. terrestris
O. sayana
S. splendens

HQ%
88.1
98.0
99.5
95.8
86.5
98.6
92.0
99.4

BLAST Results: Samples KSR01, 02, 03, 05, 07, and 08 matched previous identifications
according to BLAST results. KSR10 resulted in a match with A. granulata, but this
identification is questionable because the specimen was visually confirmed to be a
gastropod in the family Olividae and more specifically, O. sayana. There is some
evidence of contamination from sample KSR01. KSR11 resulted in a match with Sergia
robusta, but there is currently no nucleotide data for S. splendens in the National Center
for Biotechnology Information (NCBI) database, so S. splendens is likely the correct
identification originally determined by H. Bracken-Grissom.

>KSR01_consensus_sequence_A_granulata_COI-M13R.ab1
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AATGCTGATATAGGATAGGATCTCCTCCCCCCGCCGGGTCAAAAAAAGCCGT
GTTAAAATTTCGATCTGTAAGAAGCATAGTAATGCCCCCTGCCAGAACAGGC
AACGATAGAAGTAAAAGTACCGCCGTAATTTTTACAGATCACACAAAGAGAG
GTAAACGCTCTATTTGTATTCCCTTTCAACGTATATTAAATACAGTAGTAATA
AAATTCACAGCTCCTAAAATTGAAGAAACTCCTGCTAAATGAAGAGAAAAAA
TAGCTAAGTCTACAGAACCTCCAGCATGAGCAATGTTCCTAGCTAATGGGGG
GTATACTGTCCATCCTGTCCCTACCCCCCTTTCTACAGCAGCTGACCCCAATA
ATAAGCATAAAGCAGGGGGAAGAAGCCAAAATCTTATATTATTTAATCGAGG
AAAAGCTATATCAGGAGCTCCTAACATTAAAGGAACCAGCCAATTTCCAAAA
CCTCCAATTATTATCGGCATAACTAAAAAAAAAATTATCACAAAAGCATGTG
CTGTTACAATAACATTATATAGTTGATCATCTCCCAGTAATGCACCCGGTTGG
CCTAGCTCAGCTCGAATTAAAAGCCTCAGTGCAGTTCCAACTAAACCAAACC
AGATCCCAAATAAAATATATAAAGTT
>KSR02_consensus_sequence_A_transversa_COI-M13F.ab1
GGACTATATACTTGTTGACTGGGTTTTGGTCAGCATTGGTCGGCATTTCGCTT
AGGTTTCATATTCGTTTGAATCTGGCGCAGCCAGGTGGTATTTACAGTGAATT
GCCACAGATGTATAATGTTGTGGTGACGAGTCATGCATTAATGATGATTTTTT
TTTTTGTTATGCCAGTGATGATGGGCGGGTTCGGGAATTGATTAATCCCAATA
ATAGTTGGTTGCGGTGATATGAGTCACCCTCGTCTTAATGCTTTTAGTTATTG
AGTGCTGCCTGCTGCCTTGTTTATGGTGGTGGTATCTGCCTTAGTAGAGGGAG
GCGCTGGTAGGGGATGGACTTTATACCCTCCGCTATCGACCTGGATTTTTCAT
ACGACTCCTGCTATAGATATAGTGATTCTATCTTTACATGTTGCTGGGTTCGG
GTCCATAATAAGGTCGTTGAATTTTATGTGTACGGTGATTAGTGCTCGGTTCT
TTGCCTTAATTGCTGAGCGTATGCCGATTTTTATTTGGGCCATGTTTGTGACGT
CTTGACTGTTGTTGTTCTCTTTGCCAGTATTGGCGGGTGGATTAACTATATTAT
TAACGGATCGTCATGTTAATACGTCTTTTTTCCGCCCGCAAGGCGGAGGTGAT
CCTTTAC
>KSR03_consensus_sequence_C_apiculata_COI-M13R.ab1
AAATAAGTGTTGATATAAAATAGGATCCCCCCCTCCCGCTGGATCGAAAAAA
GCAGTGTTAAAATTTCGATCTGTTAATAGCATTGTAATTCCTCCTGCTAATAC
TGGTAAAGATAGTAATAATAAAACAGCGGTGATTTTTACAGACCAAACAAAC
AACGGTAAACGTTCTATTTGTATTCCTTTTCACCGTATATTAAACACCGTAGT
AATAAAATTTACTGCTCCTAAGATTGAAGACACACCTGCAAGGTGTAAAGAA
AAAATAGCTAAATCTACAGAACCTCCAGCATGTGCCATATTTCCTGCCAAAG
GAGGATAGACGGTTCATCCAGTCCCAACTCCACTTTCTACCGCTGCAGAGCCT
AAAAGCAAACATAACGACGGAGGAAGTAGTCAAAACCTTATGTTATTTAGCC
GAGGAAAAGCCATATCAGGTGCCCCTAGCATTAAGGGAACTAACCAATTTCC
AAAGCCTCCAATCATTATTGGTATTACAAGAAAAAAAATTATTACAAAAGCA
TGAGCCGTTACAATTACATTATAAAGCTGGTCGTCCCCTAGTAAGGCTCCCGG
CTGTCCTAATTCAGCTCGAATTAAAAGACTTAATGCTGTTCCTACTAAGCCCG
ATCAAATCCCAAATAAAATATAAAGAGTAC
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>KSR05_consensus_sequence_D_rerio_COI-M13R.ab1
AAATAAGTGTTGATAAAGAATTGGATCTCCCCCTCCTGCCGGGTCAAAGAAC
GTTGTGTTAAGATTTCGGTCTGTAAGAAGTATTGTAATTCCGGCAGCTAACAC
TGGTAAAGATAAAAGAAGTAGTACAGCTGTAACTAAGACAGCTCATACAAAT
AATGGAGTTTGATACTGAGAGATAGTTGGTGGCTTCATGTTAATTGTAGTAGT
AATAAAATTAATTGCTCCAAGAATAGATGAAACACCTGCTAAGTGTAGTGAA
AAAATTGTTAGATCAACAGATGCTCCTGCATGGGCAAGGTTGCCTGCAAGAG
GTGGATAAACTGTTCATCCTGTTCCAGCTCCTGCTTCAACTCCAGAAGAAGCT
AATAGAAGAAGAAATGAGGGTGGAAGAAGTCAGAAGCTTATATTATTTATTC
GGGGAAATGCCATATCGGGGGCCCCAATCATTAGTGGCACAAGTCAGTTTCC
AAATCCCCCAATAAGAATGGGTATTACTATAAAGAAAATTATTACAAAAGCA
TGGGCAGTAACAATAACATTATAGATTTGATCATCACCAAGAAGTGCTCCTG
GTTGGCTAAGTTCAGCTCGGATTAAGAGGCTTAATGCGGTCCCTACTATTCCG
GCTCAAGCACCAAATACTAGATACAGGGTGC
>KSR07_consensus_sequence_L_variegatus_COI-M13R.ab1
AAATAGATGTTGATATAGGACAGGGTCTCCACCCCCAGCTGGATCAAAGAAG
GAGGTGTTTAGGTTTCGATCTGTTAGTAATATAGTAATGGCTCCTGCTAATAC
CGGTAAGGATAATAGGAGTAAAATTACTGTAATTATTACGGCTCATACAAAT
AAAGGAATTCGTTCTAGACGTATACCATTTCATCGTATATTGATAACAGTTGT
AATAAAGTTTAGGGCTCCTAGAATTGAGGATGCTCCGGCTAAATGAAGGGAG
AAGATAGCTAGATCTACAGAAGGTCCAGCGTGTGCTAGATTACTTGCTAGAG
GTGGGTATACAGTTCATCCAGTTCCTGCTCCTTTTTCTACTGCAGCTGATCTTA
CTAATAAAATTAGGGAAGGGGGTAGTAGTCAAAAACTAAGATTATTTAGTCG
TGGAAATGCTATGTCTGGAGCACCTAGTATTAATGGTAGTAATCAATTTCCGA
ATCCGCCAATAAATATAGGTATTACTATAAAGAAAATTATAATAAAGGCATG
TGCGGTAACTATGGTATTGTATAGTTGATCTCTGCCTAGAAATGATCCTGGTT
GTGTGAGCTCAATTCGGATTAGTAGTCTTATTCCTGCTCCTACTATGCCGGCT
CAGACGCCA AGAATAAAATATAGAGTGC
>KSR08_consensus_sequence_L_terrestris_COI-M13R.ab1
GAAAAGGTGTTGATATAAAATTGGATCTCCCCCACCAGCGGGGTCGAAAAAT
GAAGTATTAAGATTTCGATCTGTTAGGAGTATTGTAATTGCTCCGGCAAGTAC
AGGAAGGGATAGGAGGAGGAGAACTACTGTAATTAATACAGCTCACACAAA
CAGAGGGATTCGCTCTAGTCGTAACCCACTTCAGCGTATGTTAATTACAGTGG
TAATAAAATTAATAGCCCCCAGAATAGAGGACGCACCTGCTAAATGGAGGGA
AAAAATAGCTAAATCTACAGATGGCCCGGCATGGGCGAGATTTCTGGCAAGA
GGGGGGTATACTGTTCAACCTGTTCCGGCTCCCTTCTCTACGGCAGCTGAGGA
AACTAGGAGAATAAGAGAGGGGGGCAGCAGTCAAAATCTTATGTTATTAAG
GCGTGGGAATGCTATATCAGGAGCTCCCAGTATTAGGGGAAGAAGTCAGTTC
CCAAACCCGCCAATGAAGACTGGTATCACTAGAAAGAAAATTATAACAAATG
CGTGCGCAGTAACGATTGTATTGTATAATTGGTCACTGCCTAGGAATGCACCA
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GGTTGTCTTAGCTCAATACGGATTAGAAGTCTTATTCCGGCTCCTACCATGCC
AGCCCACACCCCAAGAATGAAGTATAGAGTTC
>KSR10_consensus_sequence_O_sayana_COI-M13R.ab1
AAATAAATGCTGATATAGGATAGGATCTCCTCCCCCCGCCGGGTCAAAAAAA
GCCGTGTTAAAATTTCGATCTGTAAGAAGCATAGTAATGCCCCCTGCCAGAA
CAGGCAACGATAGAAGTAAAAGTACCGCCGTAATTTTTACAGATCACACAAA
GAGAGGTAAACGCTCTATTTGTATTCCCTTTCAACGTATATTAAATACAGTAG
TAATAAAATTCACAGCTCCTAAAATTGAAGAAACTCCTGCTAAATGAAGAGA
AAAAATAGCTAAGTCTACAGAACCTCCAGCATGAGCAATGTTCCTAGCTAAT
GGGGGGTATACTGTCCATCCTGTCCCTACCCCCCTTTCTACAGCAGCTGACCC
CAATAATAAGCATAAAGCAGGGGGAAGAAGCCAAAATCTTATATTATTTAAT
CGAGGAAAAGCTATATCAGGAGCTCCTAACATTAAAGGAACCAGCCAATTTC
CAAAACCTCCAATTATTATCGGCATAACTAAAAAAAAAATTATCACAAAAGC
ATGTGCTGTTACAATAACATTATATAGTTGATCATCTCCCAGTAATGCACCCG
GTTGGCCTAGCTCAGCTCGAATTAAAAGCCTCAGTGCAGTTCCAACTAAACC
AGACCAGATCCCAAATAAAATATATAAAGTTC
>KSR11_consensus_sequence_S_splendens_COI-M13R.ab1
AAACAAGTGTTGATAAAGGACAGGATCTCCTCCCCCAGCGGGGTCAAAAAAC
GAAGTATTTAAATTTCGGTCAGTTAAAAGCATAGTAATTGCCCCTGCTAGAAC
AGGAAGAGAAAGAAGAAGAAGGAGAGCAGTGATAAATACTGATCATACAAA
AAGAGGTAGCCGGTCCATTGTTATTCCAGTTCTCCGTATATTAATAACCGTTG
TTATAAAATTGACAGCTCCTAAGATAGAAGAGACACCAGCCAGGTGAAGTGA
AAAAATACCTAAGTCTACAGAAGCCCCCGCGTGAGCAATTCCAGCAGAAAGC
GGGGGATAAACAGTTCAACCTGTACCGACTCCGCTTTCTACCATACCTCTAGA
TAATAGAAGTGTCAGAGAAGGAGGTAGTAACCAGAATCTCATATTGTTCATT
CGAGGGAATGCTATATCAGGAGCTCCTAATATAAGGGGCACTAATCAGTTTC
CAAATCCTCCAATTATAATTGGTATAACTATAAAGAAAATTATCACAAACGC
GTGAGCTGTAACAACCACATTATAAATCTGATCATCACCAATAAGACTTCCTG
GTTGACCAAGCTCAGCTCGAATAATCAAACTTAAAGCAGTTCCTACTATACC
AGCCCAAGCTCCGAAAATAAAATATAACGTCC
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III. Nuclear Isolation and Homogenization Protocol
Note: Tissues preserved in DMSO storage buffer or RNAlater kept at 4°C work best.
Frozen tissue may be used, but some organisms show extensive nuclear membrane
disruption when subjected to repetitive freezing/thawing cycles.
Galbraith buffer (Galbraith et al. 1983; Hare and Johnston 2011):
•

Dissolve 4.26 g MgCl2, 8.84 g sodium citrate, 4.2 g MOPS, 1 mL Triton X-100,
and 1 mg boiled RNase A into 1 L of ddH2O. Adjust pH to 7.2 with HCl and
filter through a 0.22 um filter. Store at 4°C.

1. Remove tissue from preservative and cut a <0.5 g piece of tissue using a scalpel or
razor blade.
2. Rinse preservative from tissue with diH2O in cell strainer or 100 um nylon mesh. Use
paper towel or Kimwipe to wick water from the bottom and sides of the strainer to
minimize contact with tissue.
3. Place tissue in small Petri dish on ice. Add 500 uL Galbraith buffer and chop finely
with scalpel or razor blade.
4. Add 500 uL Galbraith buffer to maximize tissue saturation.
5. Using a plastic pipette; filter homogenate through 40-um nylon mesh (Falcon tube cell
strainer placed in a 50-mL Falcon tube works nicely).
6. Collect flowthrough and transfer to a clean microcentrifuge tube on ice.
7. Centrifuge @ 2,000 rpm for 1 min. Observe sample for a pellet of debris at bottom of
tube. If a pellet is present, transfer supernatant to new microcentrifuge tube. If no pellet is
present, centrifuge @ 2,000 rpm for 2 mins or increase speed to 3,000 rpm for 1 min.
Increase speed and/or time gradually (i.e. increase speed 1,000 rpm or increase time by 1
min).
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8. Add 500 uL Galbraith buffer, invert several times or pipet to mix (do not vortex) and
centrifuge @ 2,000 rpm for 1 min. Observe sample for a pellet of debris at bottom of
tube. If a pellet is present, transfer supernatant to new microcentrifuge tube. If no pellet is
present, increase centrifugation speed and/or time.
9. Observe nuclear suspensions under a microscope at 40X and 100X for presence of
nuclei and minimal debris. If excessive debris is present, continue purification and
centrifugation steps to obtain a cleaner suspension with high nuclear yield and little
debris.
10. Proceed to FCM analysis. Process samples in <4 hr. Prolonged (i.e., overnight)
incubation of samples in Galbraith buffer is not recommended and compromises nuclear
viability.
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IV. Data Collection and Processing with BD Accuri C6 Flow Cytometer
1. Turn on the Accuri C6 and open the software program. Let the laser warm up for 10-15
min. Set the flow rate to 10 uL min-1.
2. Select scatterplots to display SSC vs. FSC, FSC vs. FL2-A, SSC vs. FL2-A, FL2-H vs.
FL2-A and histograms of FL2-A and FL2-H.
3. Backflush the Accuri C6 and run dH2O until <10 events are recorded in the first 10
sec. This may require several rounds of backflushing and running dH2O until these
conditions are satisfied.
4. Run unstained samples first to gauge nuclear concentration (if too concentrated, dilute
as described in A), followed by the 500-uL stained sample for the same species.
Backflush and run dH2O between species until <10 events are recorded in the first 10
sec.
a. Highly concentrated samples may require dilution if too many events are recorded too
fast. Dilute sample with Galbraith buffer.
b. A definitive shift in fluorescence intensity should be observed in the stained sample. A
nuclear population shifted to the upper right of the FL2-H vs. FL2-A plot should be
evident in the stained sample, as well as a new, defined peak to the right of the unstained
peaks in the histogram of FL2-A.
5. Run unstained and stained standards separately, then run combined stained standard +
test sample.
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V. R Script for Data Analysis
Two independent sample t-test (Mollusca)
1. Check both subsets of the data for normality.
boxplot(C.value~Source)
shapiro.test(subset(AGSDdata2,Source=='Thesis')$C.value)
shapiro.test(subset(AGSDdata2,Source=='AGSD')$C.value)
2. Thesis data are normally distributed. AGSD data are not normally distributed.
Attempt transformations of both subsets to achieve normality.
boxplot(log(C.value)~Source)
shapiro.test(log(subset(AGSDdata,Source=='Thesis')$C.value))
shapiro.test(log(subset(AGSDdata,Source=='AGSD')$C.value))
3. Both study and AGSD data are normal after log transformations. Check for
homogeneity of variances between the two subsets.
bartlett.test(log(C.value)~Source)
4. The assumption of homogeneity of variances is not satisfied. No transformations
satisfy the assumptions of normality and homogeneity of variances for both
subsets. Proceed to non-parametric statistical test (Mann-Whitney Wilcoxon
test).
wilcox.test(C.value~Source)
5. Conclusion: The means of the study and AGSD C-values are not significantly
different (p = 0.2014).
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